Various biological phenomena, such as red blood cell ͑RBC͒ membrane fluctuations, develop at the nanometer and millisecond scales and their quantitative investigation is extremely challenging. An example of these phenomena is represented by the RBC thermal fluctuations, which have been first observed many years ago. 1 These motions are typically of the order of tens of nanometers over a broad range of frequencies. Significant progress has been made over the past years on modeling this phenomenon, in an effort to connect the relevant mechanical coefficients of the cell to the statistical properties of the fluctuations. 1, 2 However, the nature of these fluctuations is not completely elucidated. It has been suggested that thermal excitation is not entirely responsible for these motions and that a deterministic component may in fact accomplish certain physiological tasks, such as improving the cell flexibility and filterability. 1, 3 Development of quantitative and nonperturbative techniques for studying such phenomena is highly needed.
Phase contrast microscopy 1 and reflection interference contrast microscopy 4 have been used previously to measure dynamic changes in the shape of RBCs. However, these methods are not inherently quantitative. Thus, 3-D quantitative erythrocyte shape measurements have been limited to atomic force and scanning electron microscopy. Because of the limitations imposed by the sample preparation, these techniques have limited applicability to cells under physiological and dynamic conditions. 5 Fourier phase microscopy ͑FPM͒ has been developed in our laboratory as a modality to extract quantitative phase images with subnanometer path-length sensitivity over time periods from seconds to a cell life cycle; 6 its potential for studying the structure and low-frequency fluctuations of RBCs has been demonstrated.
In this letter, we present a new quantitative phase microscope dedicated to the quantitative assessment of RBC morphology and dynamics. The instrument integrates a typical inverted microscope with the principle of Hilbert phase microscopy ͑HPM͒. HPM extends the concept of complex analytic signals to the spatial domain and measures quantitative phase images from only one spatial interferogram recording, as demonstrated recently on test samples. 7 Due to its singleshot nature, the HPM acquisition time is limited only by the recording device and thus can be used to accurately quantify nanometer-level path-length shifts at the millisecond time scales or less, where many relevant biological phenomena develop.
The experimental setup is shown in Fig. 1 . A HeNe laser ͑ = 633 nm͒ is coupled into a 1 ϫ 2 single-mode fiber optic coupler and collimated on each of the two outputs. One output field acts as the illumination field for an inverted microscope equipped with a 100ϫ objective. All the optical fibers are fixed to minimize phase noise. The tube lens is such that the image of the sample is formed at the CCD plane via the beamsplitter cube. The second fiber coupler output is collimated and expanded by a telescopic system consisting of another microscope objective and the tube lens. This reference beam can be approximated by a plane wave, which interferes with the image field. The reference field is tilted with respect to the sample field such that uniform fringes are created at an angle of 45 deg with respect to x and y axes. The CCD used ͑C7770, Hamamatsu Photonics͒ has an acquisition rate of 291 frames/ s at the full resolution of 640ϫ 480 pixels, at 1 -1.5 ms exposure time. The fringes are sampled by 6 pixels per period. The spatial irradiance associated with the interferogram across one direction is given by
where I R and I S are, respectively, the reference and sample irradiance distributions, q is the spatial frequency of the fringes, and is the spatially varying phase associated with the object, the quantity of interest in our experiments. Using high-pass spatial filtering and Hilbert transformation, the quantity is retrieved in each point of the single-exposure image. 7 To exemplify the ability of the new instrument to perform RBC dynamic morphometry at the millisecond and nanometer scales, we obtained time-resolved HPM images of RBCs. Droplets of whole blood were simply sandwiched between cover slips, with no additional preparation. Figure 2 shows a quantitative phase image of live blood cells; both isolated and agglomerated erythrocytes are easily identifiable. A white blood cell ͑WBC͒ is also present in the field of view. Using the refractive index of the cell and surrounding plasma of 1.40 and 1.34, respectively, 8 the phase information associated with the RBCs can be easily translated into nanometer scale image of the cell topography. The assumption of optical homogeneity of RBC is commonly used 1, 4 and justified by the knowledge that cellular content consists mainly of hemoglobin solution. The dynamic thickness profile of the cell can be directly obtained from the phase measurement, u͑x , y ; t͒ = ͑ /2⌬n͒͑x , y ; t͒, where ⌬n is the refractive index contrast between the hemoglobin contained in the cell and the surrounding fluid. Thus the instantaneous volume of individual cells can be measured from the HPM data, V͑t͒ = ͐u͑x , y ; t͒dxdy. During our rapid measurements, errors in the volume measurement due to changes in refractive index are not likely to be significant. Spatial inhomogeneities of the imaging fields may affect the accuracy of the volume measurement and this influence was minimized by accurately spatially filtering and collimating the beams. In Fig. 2 , the measured volumes ͑units of in femtoliters͒ are displayed below individual RBCs.
In order to eliminate the longitudinal noise between successive frames, each phase image was referenced to the average value across an area in the field of view containing no cells ͓denoted in Fig. 2͑a͒ by R͔. To quantify the residual noise of the instrument in a spatially relevant way, we recorded sets of 1000 images, acquired at 10.3 ms each and analyzed the path-length fluctuations of individual points within an 100ϫ 100 pixel area ͓denoted in Fig. 2͑a͒ by O͔. The path length associated with each point in O was averaged over 5 ϫ 5 pixels, which approximately corresponds to the dimensions of the diffraction limit spot. Figure 2͑b͒ shows the temporal path-length fluctuations of an arbitrary point within the region O, while the histogram of the standard deviations associated with all the spots within region O is shown in Fig.  2͑c͒ . The average value of this histogram is indicated. This noise assessment demonstrates that our HPM instrument is capable of providing quantitative information about structure and dynamics of biological systems, such as RBCs, at the nanometer scale. . 3 Quantitative assessment of the shape transformation associate with the RBC selected in Fig. 2 , during a 10-s period. The profiles in ͑b͒ and ͑d͒ are measured along the profiles indicated by the arrows in ͑a͒ and ͑c͒.
An example of significant dynamical change of a live RBC is shown in Figs. 3͑a͒ and 3͑c͒ . The phase images correspond to the RBC shown in Fig. 2͑a͒ and are acquired 10.3 ms apart and represent the first and the last frames in a 1,000 frame data set. Figures 3͑b͒ and 3͑d͒ show the horizontal and vertical thickness profiles of the cell at the two stages, with nanometer accuracy. Interestingly, the significant change in the cell shape is due to a rapid interaction with the neighboring WBC, at the lower left corner of the image ͓also shown as WBC in Fig. 2͑a͔͒ . This results in a rapid asymmetric shape change that is easily quantified by HPM. We note that such dynamic modifications in cells under physiological conditions cannot be quantified by techniques such as atomic force or electron microscopy.
Hemolysis ͑RBC "lysing"͒ is a spectacular phenomenon in which the erythrocyte membrane ruptures and the cell looses its hemoglobin content. This process has been studied recently in the context of optical clearing. 9 Using the HPM instrument, we employed a sequence of 1,000 phase images, at 10.3 ms acquisition time, to dynamically quantify the changes in the cell as a result of lysing. Figures 4͑a͒-4͑e͒ depict the cell volume decrease during various stages of hemolysis. Note the abnormal flat shape of the cell. The phase shifts due to the expelled hemoglobin can be observed in Figs. 4͑f͒-4͑h͒ , where only the region surrounding the cell is represented, to avoid gray-scale saturation. The membrane rupture is highly localized, as indicated by the asymmetry in Figs. 4͑f͒-4͑h͒ , and the hemoglobin appears to be diffusing from a point source on the cell. The RBC volume was evaluated during the process and its temporal dependence is plotted in Fig. 4͑i͒ . It appears that during this highly dynamic process, the volume of the cell decreases by 50% in less than 4 s. Before the onset of hemolysis, the standard deviation of the volume measurement has a value of 0.12 fl, as indicated. On the other hand, the path-length shift associated with a point in close proximity to the cell reaches a steady-state maximum level of almost 9 nm in about 1 s. In order to improve the signal to noise of this ultrasensitive measurement, the signal was averaged in space over 11ϫ 11 pixels and in time over 10 frames. The resulting standard deviation of these data reached the remarkably low value of 0.09 nm. The origin of the slight oscillation present in this curve is not well understood.
The instrument presented here requires significantly less computational work than digital holography, which relies on numerical Fresnel field propagation. 10, 11 In addition, as a single-shot technique, it provides faster images than reported with other quantitative phase imaging techniques. 12, 13 It can be suitably adjusted to allow for automatic RBC measurements of shape and volume, which in turn have diagnostic relevance. 
